SUMMARY GGGGCC repeat expansions in C9ORF72 are the most common genetic cause of both ALS and FTD.
In Brief
To investigate what pathways are dysregulated by the endogenously expressed C9ORF72 repeat expansions in ALS/FTD, Lopez-Gonzalez et al. found poly(GR)-induced mitochondrial dysfunction and an age-dependent increase in oxidative stress and DNA damage in patient iPSC-derived motor neurons.
INTRODUCTION GGGGCC (G 4 C 2 ) repeat expansions in C9ORF72 are the most common genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (DeJesus-Hernandez et al., 2011; Renton et al., 2011) . Rapid progress has been made recently in unraveling the pathogenic mechanisms elicited by expanded G 4 C 2 repeats. For instance, knockdown or knockout of C9orf72 expression in mice does not cause any obvious neurodegeneration, suggesting that partial loss of C9ORF72 is not a major initiating factor in ALS and FTD (Lagier-Tourenne et al., 2013; Koppers et al., 2015; Atanasio et al., 2016; O'Rourke et al., 2016; Jiang et al., 2016) . On the other hand, ectopic expression of expanded G 4 C 2 repeats flanked by human introns results in the formation of nuclear RNA foci and production of dipeptide repeat (DPR) proteins through a process called repeat-associated non-AUG (RAN) translation without causing gross neurodegeneration in flies or some mouse models O'Rourke et al., 2015; Peters et al., 2015; Jiang et al., 2016) , although some behavioral phenotypes were observed when expanded G 4 C 2 repeats were expressed at higher levels or in a different genetic background (Jiang et al., 2016; Liu et al., 2016) .
Many proteins bind to G 4 C 2 repeat RNA in cell lysates, and some have been reported to colocalize with RNA foci in patient cells; yet, none of them have been shown to play a key role in disease in a manner like that demonstrated for Muscleblind in myotonic dystrophy (Mohan et al., 2014) . On the other hand, in flies and mice, overexpressing noninterrupted, expanded G 4 C 2 repeats in the molecular context of poly (A) + RNA has detrimental effects that are likely due to the production of higher levels of toxic DPR proteins (Mizielinska et al., 2014; Chew et al., 2015; Freibaum et al., 2015; Tran et al., 2015) . In cellular and animal models, expanded G 4 C 2 repeats and some DPR proteins compromise nucleocytoplasmic transport (Freibaum et al., 2015; Jovi ci c et al., 2015; Zhang et al., 2015; Boeynaems et al., 2016; Zhang et al., 2016) and cause nucleolar stress (Kwon et al., 2014; Wen et al., 2014; Yang et al., 2015) . However, it is not known whether other cellular pathways are dysregulated in an age-dependent manner by endogenously expressed, expanded G 4 C 2 repeats or DPR proteins. To address this important issue, here we examined ChAT + motor neurons differentiated from multiple existing and newly generated induced pluripotent stem cell (iPSC) lines from C9ORF72 patients and age-matched control subjects.
RESULTS

Generation and Characterization of New Control and C9ORF72 iPSC Lines and Their Differentiation into Motor Neurons
To better understand ALS/FTD pathogenesis in iPSC models, it is critical to study neurons derived from multiple control and patient subjects. To this end, in addition to iPSC lines that we generated previously (Almeida et al., 2012 Zhang et al., 2013) , we generated multiple new integration-free iPSC lines from two control subjects and three C9ORF72 patients. The use of human skin biopsies was approved by the Institutional Review Board and Ethics Committee at the University of California, San Francisco (UCSF). Control line 35L11 and C9ORF72 lines 42L12, 40L3, and 40L8 were used recently in our collaborative study (Freibaum et al., 2015) ; the other lines are described in Table S1 . Briefly, human dermal fibroblasts were transfected with episomal plasmids expressing OCT3/4, SOX2, KLF4, c-MYC, LIN28, and NANOG. New lines from independent reprogramming events were characterized by expression of pluripotency markers (Figures S1A and S1B), normal karyotype ( Figure S1C ), and their ability to spontaneously differentiate into cells of the three germ layers ( Figure S1D ). In the present study, we also used an iPSC line (30iC9-ALS) generated from a C9ORF72 ALS patient by Sareen et al. (2013) . We differentiated multiple iPSC lines into spinal cord motor neurons as described by Amoroso et al. (2013) (Figure 1A ). More than 80% of cells in these cultures were TUJ1 + neurons (Figures 1B and 1C) , and about 35% of neurons were ChAT + motor neurons ( Figures 1D and 1E ). Based on the percentages of TUJ1 + and ChAT + motor neurons in the culture, the C9ORF72 repeat expansions did not seem to affect neuronal differentiation per se ( Figure 1E ). Further characterization revealed that nuclear RNA foci were present in 2-week-old iPSC-derived ChAT + motor neurons of three C9ORF72 patients, but not in control neurons ( Figure 1F ). The percentage of motor neurons with foci (Figure 1G ) and the average number of foci per cell ( Figure 1H ) did not change from 2-week-old to 4-month-old cultures. We also detected the production of RAN translation products, such as poly(GP) by enzyme-linked immunosorbent assay (ELISA) ( Figure 1I ) and poly(GR) by dot blot assay ( Figure 1J ). Thus, this cellular model recapitulates key pathogenic hallmarks of C9ORF72 ALS/FTD.
Increased DNA Damage and p53 Activation in iPSC-Derived C9ORF72 Motor Neurons One challenge of using iPSC models is to reveal molecular and cellular phenotypes relevant to age-dependent neurodegenerative diseases. Previously, we demonstrated age-dependent phenotypes (e.g., decreased miR-124 levels) in aged iPSC-derived patient neurons (Gascon et al., 2014) . Thus, human motor neurons differentiated from multiple iPSC lines were first cultured for 4 months. Western blot analysis revealed an increased expression of gH2AX, a marker of DNA double-strand breaks, in iPSC-derived motor neuron cultures of all four C9ORF72 patients ( Figure 2A ). Because other neuronal types are present in these cultures, we performed double-immunostaining analysis to examine DNA damage specifically in motor neurons. We found that the level of gH2AX + was greater in the nucleus of 4-month-old ChAT + C9ORF72 motor neurons than in control neurons ( Figure 2B ).
Increased DNA damage activates the p53 pathway, an important component of the response to DNA damage and other cellular stresses (Lakin and Jackson, 1999) . Indeed, western blot analysis showed higher levels of p53 in 4-month-old C9ORF72 motor neuron cultures than in control cultures (Figure 2C) . C9ORF72 motor neuron cultures also had increased expression of other markers of DNA damage, such as ATR, which is activated by DNA strand breaks, and GADD45, which is regulated by p53 ( Figures S2A and S2B) . The p53 mRNA levels were the same in both cultures ( Figure S2C ), suggesting that the increase in p53 protein reflects posttranslational regulation, as in other cell types (Lakin and Jackson, 1999) . To further demonstrate that p53 protein is increased in C9ORF72 motor neurons in these cultures, we found elevated p53 levels in 4-month-old, iPSC-derived ChAT + motor neurons ( Figure 2D ). DNA damage induces p53 phosphorylation, such as at serine 15, to stabilize the protein (Lakin and Jackson, 1999) . Consistent with this notion, p53 phosphorylated at serine 15 (p-p53) was more abundant in ChAT + motor neurons than in control neurons ( Figure S2D ).
To determine whether the observed increase in DNA damage was age dependent, we first examined p53 and found that it was not elevated in 2-week-old, iPSC-derived C9ORF72 motor neurons ( Figures S2E and S2F ). Then we also analyzed the extent of DNA strand breaks by the comet assay ( Figure 2E ) and quantified the relative tail length ( Figure 2F ) and the percentage of DNA in the tail ( Figure 2G ). This analysis further confirmed a significant increase in DNA damage in 4-month-old C9ORF72 motor neuron cultures compared with control motor neuron cultures. Then we examined earlier time points using a recently published iPSC differentiation protocol , which generates cultures in which more than 80% of cells are ChAT + motor neurons ( Figures S3A-S3D ). DNA damage became detectable at around 8-week-old cultures, and these changes became gradually more pronounced in 3-and 4-month-old cultures ( Figure 2H ; Figure S2G ). It seems that poly(GR) expression is higher in 4-month-old cultures than in 2-month-old cultures ( Figure S2H ), although the dot blot analysis is not highly quantitative. DNA damage was not detected in astrocytes ( Figure S2I ), even though these cells show RNA foci ( Figure S2J ) and presumably express DPR proteins as well. Thus, C9ORF72 motor neurons show a gradual accumulation of DNA damage during the aging process in vitro. Finally, RNA damage was also increased in 3-month-old C9ORF72 motor neurons ( Figure 2I ).
(GR) 80 Expression Increases DNA Damage in Control iPSC-Derived Human Motor Neurons
The iPSC-derived C9ORF72 motor neurons produce both nuclear RNA foci and DPR proteins, such as poly(GR) ( Figure 1J ), but the cause of the DNA damage in these cells is unclear. In a Drosophila model expressing 160 copies of G 4 C 2 repeats in the molecular context of human intronic and adjacent exonic sequences, modest toxicity at higher temperature correlates with increased DPR protein production, but not with the number of nuclear G 4 C 2 sense RNA foci . Moreover, poly(GR) is toxic in a number of cellular and Drosophila models (Kwon et al., 2014; Mizielinska et al., 2014; Wen et al., 2014; Freibaum et al., 2015; Jovi ci c et al., 2015; Yang et al., 2015) .
To examine the effect of (GR) 80 in human neurons, we differentiated one control iPSC line into 2-week-old ChAT + motor neurons that were transduced with lentiviral vectors expressing DPR proteins. (GA) 80 formed perinuclear inclusions ( Figure 3A ), but (GR) 80 See also Figure S1 and Table S1 .
consistent with earlier observations in Drosophila and patient brains (Yang et al., 2015; Schludi et al., 2015) . Expression of (GR) 80 in control motor neurons activated the p53 pathway (Figure 3D) , increased the level of gH2AX ( Figure 3F ), and resulted in more DNA strand breaks ( Figures 3G-3I ). In contrast, expression of (GA) 80 for 48 hr did not induce these molecular changes (Figure 3) . Thus, (GR) 80 , but not (GA) 80 , was sufficient to induce DNA damage when transiently expressed in human motor neurons. Moreover, (GR) 80 , but not (GA) 80 , expression compromised the cell survival in iPSC-derived motor neuron cultures ( Figure S3E ). Furthermore, using our previously established Drosophila model of (GR) 80 toxicity (Yang et al., 2015) , we found that partial inhibition of the p53 pathway-either through heterozygosity of p53 loss-of-function allele or p53 RNAi knockdown or expression of a dominant-negative form of p53-partially suppressed (GR) 80 -induced toxicity ( Figure S3F ). Thus, DNA damageinduced activation of the p53 pathway contributes to poly(GR) toxicity.
(GR) 80 Compromises Mitochondrial Function and Increased Oxidative Stress Contributes to DNA Damage and Toxicity Induced by (GR) 80 To understand the mechanism underlying (GR) 80 toxicity, we assessed oxidative stress, a common cause of DNA damage C o n t r o l 1 C o n t r o l 2 P a t i e n t 2 P a t i e n t 3 P a t i e n t 4 C o n t r o l 3 P a t i e n t 1 C o n t r o l 1 C o n t r o l 2 P a t i e n t 2 P a t i e n t 3 P a t i e n t 4 C o n t r o l 3 P a t i e n t 1 DAPI/ChAT/ΥH2AX
Control 1 Relative Tail Length C o n t r o l 1 C o n t r o l 2 P a t i e n t 2 P a t i e n t 3 P a t i e n t 4 C o n t r o l 3 P a t i e n t 1 C o n t r o l 1 C o n t r o l 2 P a t i e n t 2 P a t i e n t 3 P a t i e n t 4 C o n t r o l 3 P a t i e n t 1 C o n t r o l 1 C o n t r o l 2 P a t i e n t 2 P a t i e n t 3 P a t i e n t 4 C o n t r o l 3 P a t i e n t 1 ** ** ** ** * * * * 8-week-old 4-week-old 12-week-old See also Figure S2 . (Madabhushi et al., 2014) . First, we used MitoSOX Red, a mitochondrial dye that produces red fluorescence upon oxidation by superoxide, to measure the relative production of reactive oxygen species (ROS) in high-yield control and C9ORF72 motor neuron cultures. ROS production was not elevated in 2-( Figure 4A ) or 4-week-old (data not shown), iPSC-derived C9ORF72 motor neuron cultures. However, it started to increase in 8-week-old C9ORF72 neuron cultures ( Figure 4B ) and continued to increase in 12-week-old (data not shown) and 4-month-old C9ORF72 neuron cultures ( Figure 4C ), which correlated well with the observed age-dependent increase in DNA damage in these cells ( Figures 2F and 2G) . Similar results were obtained with dihydrorhodamine 123, another ROS indicator ( Figures S4A and S4B ). ROS production, measured by both indicators, was also increased in 3-month-old, iPSC-derived C9ORF72 cortical neurons ( Figures S4C and S4D) . In control iPSC-derived motor neurons expressing (GA) 80 , ROS production, as measured by MitoSOX Red (Figure S4E ) or dihydrorhodamine 123 ( Figure S4F ), was not affected. However, ROS levels in control iPSC-derived motor neuron cultures were significantly increased by (GR) 80 expression ( Figure 4D; Figure S4G ). This increase was partially prevented by Trolox, a water-soluble antioxidant and vitamin E analog (Le Gal et al., 2015) ( Figure 4E ; Figure S4H ). Importantly, the extent of DNA strand breaks was reduced in these cells ( Figure 4F ), indicating that increased DNA damage was caused in part by poly(GR)-induced oxidative stress. We also found that reduction of oxidative stress by Trolox partially reduced DNA damage in 3-month-old C9ORF72 neuron cultures ( Figure 4G ; Figure S4I ). Furthermore, expression of catalase ( Figure S4J ), hSOD1 ( Figure 4H ), or both ( Figure 4H ), enzymes that function in the same molecular pathway to suppress oxidative stress in flies (Milton et al., 2011) , partially suppressed (GR) 80 -induced cell toxicity in flies. Thus, increased oxidative stress in part contributes to DNA damage and cellular toxicity in C9ORF72-related ALS/FTD. To further understand the molecular mechanisms underlying (GR) 80 toxicity, we expressed (GR) 80 -GFP or GFP alone in HEK293 cells and performed interactome analysis. We C o n t r o l 2 P a t i e n t 2 P a t i e n t 3 C o n t r o l 3 P a t i e n t 1 P a t i e n t 2 P a t i e n t 3 P a t i e n t 1 *** ** See also Figure S4 and Table S2. identified 403 proteins that interact with (GR) 80 -GFP, but not GFP without RNase A treatment. Remarkably, more than half of these proteins are ribosomal and other RNA binding proteins (Table S2) . Then we treated cell lysates with RNase A to destroy RNA-mediated interactions and repeated the same analysis. We identified 237 (GR) 80 -specific interacting proteins (Table S2) , including Lamin B receptor and several subunits of the exosome complex, consistent with our earlier findings that they are genetic modifiers in a Drosophila model of C9ORF72-related ALS/FTD (Freibaum et al., 2015) . Interactome and protein functional classification analyses reveal several major groups of proteins whose significance in disease remains to be further investigated ( Figures S4K and S4L ). However, among the top 100 (GR) 80 -interacting proteins, 67 are ribosomal proteins, and among them, two-thirds are mitochondrial ribosomal proteins that are required for translation of 13 subunits of the mitochondrial complexes ( Figures 4I and 4J ). Indeed, we found that mitochondrial membrane potential was increased in iPSC-derived, high-yield C9ORF72 motor neurons ( Figure 4K ) and in control neurons that expressed (GR) 80 ( Figure S4M ). Thus, poly(GR) preferentially binds to mitochondrial ribosomal proteins and compromises mitochondrial function.
DISCUSSION
This study shows that oxidative stress and DNA damage are increased in iPSC-derived C9ORF72 motor neurons in an age-dependent manner. Poly(GR) preferentially binds to mitochondrial ribosomal proteins and compromises mitochondrial function, which likely leads to increased oxidative stress in human neurons. More importantly, pharmacological or genetic reduction of oxidative stress partially suppressed these detrimental effects in human motor neurons and flies. These results suggest another pathogenic mechanism in C9ORF72-related ALS/FTD. To understand how cytoplasmic poly(GR) causes DNA damage, we assessed oxidative stress. We found that oxidative stress is elevated in control human neurons expressing (GR) 80 , as well as in C9ORF72 motor neurons, in an age-dependent manner, which is in part responsible for increased DNA damage. More prolonged antioxidant treatment would likely have resulted in stronger inhibition of DNA damage. Interestingly, interactome analysis revealed that (GR) 80 preferentially binds to mitochondrial ribosomal proteins (Figure 4) , suggesting that mitochondria is a major target of poly(GR) toxicity and that compromised mitochondrial function may lead to increased oxidative stress. (GR) 80 also binds to Lamin B receptor and many non-ribosomal RNA binding proteins such as Matrin 3. The functional significance of these biochemical interactions remains to be further investigated in human neurons. Unlike short poly(GR) proteins, such as synthetic (GR) 20 , which is highly localized to the nucleolus when applied to cultured cells (Kwon et al., 2014) , (GR) 80 is mostly localized to the cytosol in both mammalian and Drosophila cells (Yang et al., 2015) . Similarly, poly(GR) in C9ORF72 patient brains are mostly cytoplasmic and largely absent from the nucleolus (Schludi et al., 2015) . Thus, DPR proteins of different length may preferentially interact with different sets of proteins.
The increase in oxidative stress and DNA damage in iPSCderived C9ORF72 motor neurons is age dependent. Deterioration of nuclear pore integrity and nucleocytoplasmic transport with age (D'Angelo et al., 2009; Mertens et al., 2015) might result in additional leakage of unspliced C9ORF72 pre-mRNA or G 4 C 2 repeat-containing intron 1 transcripts, leading to increased production of toxic DPR proteins. In addition, DPR accumulation could be facilitated by compromised proteasome and autophagy activities during aging as well. Pharmacological or genetic suppression of oxidative stress decreases poly(GR)-induced DNA damage, suggesting that oxidative stress is one of the key causes of the DNA damage in iPSC-derived C9ORF72 neurons. Thus, reducing oxidative stress is a potential therapeutic strategy for C9ORF72-related ALS/FTD. Moreover, these age-dependent phenotypes can be used as quantifiable assays for testing effectiveness of potential therapeutic drugs on C9ORF72 human neurons.
EXPERIMENTAL PROCEDURES
For details on all methods, please see Supplemental Experimental Procedures. 
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